The Cu(II)-phenoxyl radical formed during the catalytic cycle of galactose oxidase (GO) attracted much attention, and the structures and properties of a number of metal-phenoxyl radical complexes have been studied. Some of the functional model systems of GO reported previously have shown that the Cu complexes oxidize primary alcohols to aldehydes and that the Cu(II)-phenoxyl radical species is formed in the catalytic cycle. Many Cu(II)-phenoxyl radical species have been produced by one-electron oxidation of the Cu(II)-phenolate complexes. On the other hand, one-electron oxidation of a Cu(II)-phenolate complex has the possibility to give different electronic structures, one of which is the Cu(III)-phenolate. From these points of view, this micro review is focused on the one-electron oxidized square-planar Cu(II) complexes of the salentype ligands. Introduction of substituents into the phenolate moieties and conversion from a 5-to a 6-membered chelate backbone alter the electronic structure of the one-electron oxidized Cu(II) complexes and give rise to a different reactivity of benzyl alcohol oxidation. The relationship between the electronic structure and the reactivity is herein discussed.
Introduction
Organic radical formation has been well established for metalloenzymes such as class I ribonucleotide reductase and prostaglandin endoperoxide synthase [1, 2] . It was discovered that the phenoxyl radical can bind to a metal ion as an open-shell ligand fulfilling the role of an organic radical cofactor in the metalloenzyme, galactose oxidase (GO), which is a single copper oxidase catalyzing two-electron oxidation of a primary alcohol to an aldehyde ( Fig. 1) [3, 4] . A Cu(III) species had once been considered to be a possibility as the active form of GO [5, 6] , but many physicochemical studies have revealed the formation of a Cu(II)-phenoxyl radical species [7, 8] . A proposed mechanism which has been generally accepted indicates that the oxidized form of GO in the Cu(II)-tyrosine radical state binds a primary alcohol in the fourth equatorial position, giving an aldehyde and the reduced form of GO by subsequent hydrogen atom abstraction and electron transfer via the ketyl radical intermediate [3, 4] . For an improved understanding of the detailed mechanism of GO and the properties of the metal complexes with the coordinated phenoxyl radical, many metal−phenolate complexes have been synthesized and characterized. Several review articles are available for early works on phenoxyl radical complexes [9] [10] [11] [12] [13] [14] .
Depending on the relative energies of the redox-active orbitals, a metal complex with non-innocent ligand exists in two limiting descriptions, either a metal-ligand radical (M 
) complex [15] [16] [17] [18] [19] . Oxidized metal salen-type complexes are known to exist in either form, and the factors that control the locus of oxidation in these complexes are being actively pursued [14, [20] [21] [22] . Therefore, this review deals with our recent studies on the synthesis of the one-electron oxidized Cu(II)-salen-type complexes ( Fig. 2 ) and characterization of their physical properties and reactivities [23] [24] [25] [26] . The substituents on the phenolate moieties would change the oxidation locus in the one-electron oxidized complexes as seen for the group 10 metal complexes [27] . Further, the 6-membered chelate backbone would lead to coordination plane distortion, and this structural change would influence the orbital overlap between the Cu ion and the ligand [28] . By a combination of experiments and calculations, the substituents on the phenol ring and the chelate ring size are now shown to alter the electronic structure and reactivity of the one-electron oxidized Cu(II) complexes.
Syntheses and redox behavior of Cu(II) complexes
The N 2 O 2 -donor ligands (Fig. 2 ) reacted with Cu(II) ion to give the corresponding Cu(II) salen-type complexes as crystals. The salen-type complexes of asymmetric phenolates were also prepared by a step-by-step method by use of the monohydrochloride salt of cyclohexyldiamine as shown in Scheme 1 [14] .
Scheme 1 Synthetic route to asymmetric salen-type complexes [26] . The cyclic and differential pulse voltammetry (CV and DPV) results of Cu(II)-salen type complexes showed two reversible redox waves, whose potentials are similar to each other within the 0.25 V range as listed in Table 1 . Among the symmetric complexes (R1 = R2), those bearing methoxy groups are oxidized at lower potentials than those bearing i-PrS groups. This order matches the electron-donating properties expected from Hammett σ + constants of these substituents [29] . For the nonsymmetric complexes (R1 ≠ R2), the two redox couples observed can be correlated to the sequential oxidation of the two phenolates: The more electron-rich phenolate is oxidized at a lower potential and the less electron-rich phenolate at a higher potential [26] . These results can be seen as two phenolate-based oxidation processes. On the other hand, the potentials of a 6-membered chelate complex, Cu(1,3-salcn), were only 0.03 V lower than those of the 5-membered chelate Cu(1,2-salcn). These redox waves were found to be one-electron processes from the current analysis for each wave. This result suggests that the one-electron oxidized complexes can be generated by adding an equimolar amount of chemical oxidants such as AgSbF 6 [30] . Indeed, the addition of an equimolar amount of AgSbF 6 (E = 0.65 V vs. Fc/Fc + in CH 2 Cl 2 ) to the salen complexes in CH 2 Cl 2 caused a color change, indicating formation of oxidized species.
Solid-state characterization of the oxidized Cu(II) complexes

Crystal structures
When the solutions of some of oxidized complexes prepared by AgSbF 6 oxidation were kept at low temperature in CH 2 Cl 2 /toluene, crystals of the one-electron oxidized complexes could be isolated. The X-ray crystal structure analysis gave the structures of [Cu(1,2-salcn)]SbF 6 , [Cu(1,2-MeO 2 -salcn)]SbF 6 , and [Cu(1,3-salcn)] SbF 6 (Fig. 3) [23] [24] [25] . All complexes exhibit a pseudo square-planar geometry formed by two phenolato oxygen atoms and two imino nitrogen atoms. The Cu coordination sphere geometry of [Cu (1,2- 
Magnetic properties
The temperature-dependent magnetic susceptibility of Cu(Salcn) complexes displayed a response typical for a simple d 9 Cu(II) paramagnet, and the data were fit to a Curie-Weiss law expression (C = 0.405, θ = -0.554 K). The data for a powdered crystalline sample of [Cu(1,2-salcn)]SbF 6 show that this sample is essentially diamagnetic (μ eff = 0.3 μ B ) in the temperature range 5-300 K. They were fit with a ca. 4 % impurity mainly due to the neutral Cu(II) complex as estimated from the low-temperature data, which is consistent with a small amount of decomposition in the solid sample. These results suggest that [Cu(1,2-salcn)]SbF 6 in the solid state has a diamagnetic electronic ground state (S = 0) with no thermally accessible triplet state at 300 K [23] . The electronic structure of [Cu(1,2-salcn)]SbF 6 was also supported by XAFS measurement. The preedge of the solid sample of [Cu(1,2-salcn)]SbF 6 was found to be more than 1 eV higher than that of neutral Cu(1,2-salcn), clearly indicating that the solid sample of the [Cu(1,2-salcn)]SbF 6 has a metal-centered oxidation state.
The methoxy-substituted complexes, [Cu(1,2-MeO 2 -salcn)] + and [Cu(1,2-t-Bu,MeO-salcn)]
+
, are EPR silent, since large zero-field splitting (ZFS) parameters are thought to render the one-electron oxidized species EPR silent at X-band frequencies [25, 26] . On the other hand, the EPR spectra for oxidized complexes [Cu(1,2-i-PrS 2 -salcn)] + and [Cu(1,2-t-Bu,i-PrS-salcn)] + exhibit markedly different behavior. One-electron oxidation does not result in a loss of EPR intensity, or rather, the signals broaden considerably, and the spin integration remains relatively constant at that of their parent neutral forms [26] . Thus, despite the similarities of the EPR spectra of the species before oxidation, significant substituent-dependent differences exist between the spectra of their one-electron oxidized species.
The Q-band spectrum of [Cu(1,3-salcn)]SbF 6 at 12 K clearly consists of a two-line pattern centered at g = 2.06, as well as a half-field ΔM S = ± 2 transition at g = 4 ( Fig. 4a) [24] . This signature is characteristic of a spin triplet system having ZFS parameters smaller than the Q-band energy quantum (~1.1 cm -1 ). The spectrum could be satisfactorily simulated by using the ZFS parameters |D| = 0.470 ± 0.035 cm -1 , E/D = 0.06 ± 0.02, and g iso = 2.06. These parameters were additionally used for simulation of the X-band spectrum, and a reasonable agreement with the experimental data has been attained. From these EPR results, the triplet spin state of a Cu(II)-phenoxyl salen complex could be evidenced experimentally. The ZFS parameters reported here are the first measured experimentally for Cu(II)-phenoxyl salen complexes.
The temperature dependent magnetic susceptibility of [Cu(1,3-salcn)]SbF 6 in the solid state exhibited a decrease in the susceptibility as the temperature was lowered (Fig. 4b) . This fitting is contradictory to the result of EPR experiments. The best-fit parameters are J/k B = 4. + can be assigned to a Cu(II)-phenoxyl radical species with a S = 1 ground state exhibiting a weak ferromagnetic interaction between the Cu(II) center and the ligand radical [32, 33] .
Characterization of the oxidized complexes in solution
The electronic spectrum of Cu(1,2-salcn) is typical of a Cu(II) d 9 complex with an intense CT transition at 26 500 cm -1 (ε = 11 600 M -1 cm ) and a low-energy transition at 5800 cm -1 (ε = 2900 M -1 cm -1 ) (Fig. 5a) . Interestingly, the 18 600 cm -1 band exhibits large intensity changes with temperature; from 298 to 190 K, this band approximately doubles in intensity and shifts slightly to higher energy. This change is fully reversible and indicates that [Cu(1,2-salcn)]
+ is involved in a temperature-dependent equilibrium in solution. The intensity of the 557-nm absorption band for [Cu(1,2-salcn)]
+ is independent of concentration at both 295 and 203 K, which excludes dimerization as a possible reason for the observed temperature-dependent changes in band intensity. The is the presence of approximately equimolar amounts of a ferromagnetically coupled Cu(II)-phenoxyl radical species and a diamagnetic counterpart Cu(III)-phenolate [23] .
On the other hand, the UV-vis-NIR absorption spectrum of [Cu (1,3- + and fully delocalized ligand radical complexes [23, 34] . From the low intense NIR bands, complex [Cu(1,3-salcn)]
+ can be assigned to the class II localization system based on the Robin and Day classification [35] . Further, the resonance Raman spectrum of [Cu(1,3-salcn)] + in CH 2 Cl 2 showed the typical phenoxyl radical ν 7a band at 1492 cm -1 [24] . Therefore, the absorption spectral features of [Cu(1,3-salcn)]
+ clearly suggest that complex [Cu(1,3-salcn)] + is a localized Cu(II)-phenoxyl radical species in solution.
The majority of Cu-salen phenoxyl radical complexes with methoxy and isopropylthio substitution display Class II-like behavior, regardless of the phenolate substitution pattern. Recent reports on the bandshape analysis of a series of nonsymmetric Cu-salen phenoxyl radical complexes indicate that the electron coupling coefficient values of H AB , whose average is at 2100 ± 200 cm −1 , remain rather constant despite the different functional groups and the wide range of IVCT ν max values [14, 26] . From the relationship between the redox potential and the IVCT band of the oxidized asymmetrical salcn complexes, the absorption spectral feature of the active form of GO can be explained. The active site of GO has two different phenolate donors, one of which is the Tyr 272 residue having an o-alkylsulfanyl moiety. Assuming the difference of the oxidation potentials between the two phenolates (ca. 600 mV ≈ 4800 cm -1 ) and the sum of their reorganizational energies, the LLCT band at ca. 13 600 cm -1 is predicted for the active form of GO. This analysis is admittedly very approximate but very well within the envelope of the broad visible band of the enzyme [26] .
Reactivity of the oxidized complexes with benzyl alcohol
Some of the salen-type Cu(II) complexes have been reported to have a GO-like catalytic reactivity for oxidation of primary alcohols, while the mechanism of the oxidation is still unclear [36] [37] [38] [39] . On the other hand, Stack et al. have reported a detailed reaction mechanism of the one-electron oxidized salen-type complexes including [Cu(1,2-salcn)] + [40, 41] . However, the electronic structure of [Cu(1,2-salcn)] + was assigned simply to "a Cu(II)-phenoxyl radical", which is slightly different from that discussed above. Recently, Thomas et + has a high reactivity for oxidation of benzyl alcohol, but the ionic strength of the solution was quite different due to generation of the oxidized species by electrolysis [25] . Therefore, we studied the detailed reaction mechanism of [Cu(1,3-salcn)]
+ and compared it with that of [Cu(1,2-salcn)] + , in order to discuss the relationship between electronic structure and reactivity under the same conditions. CH 2 Cl 2 solutions of the oxidized complexes [Cu(1,2-salcn)] + and [Cu(1,3-salcn)] + are relatively stable at 293 K. Addition of excess benzyl alcohol to the solutions caused a color change within a few hours. GC-MS and absorption spectral changes revealed that benzaldehyde was formed in 50 % yield relative to the initial amount of the oxidized complexes. This reaction was also observed under a nitrogen atmosphere, which indicates that the presence of air did not affect the benzyl alcohol oxidation. The UV-vis absorption spectral change showed that the spectra of the final products are different from those of Cu(1,2-salcn) and Cu (1,3-salcn) . However, addition of one equivalent of Et 3 N to the solutions of the final products afforded spectra which are similar to those of 1 and 2, indicating that the final product of this reaction can be assigned to the proton adducts of the Cu + likely occurs by a mechanism similar to that of [Cu(1,2-salcn)]
+ but with a faster reaction rate. In order to determine whether C-H bond cleavage is involved in the rate-determining step, we carried out kinetic analyses using α-benzyl-d 2 alcohol. The kinetic isotope effect (KIE),
+ was estimated to be 19 at 298 K [40, 41] , and the KIE value of [Cu(1,3-salcn)] + was estimated to be 13 at 293 K [24] , which indicates that the C-H bond scission is included in the rate-determining step. On the other hand, the reaction rate for C 6 
Since complex [Cu(1,2-salcn)] + has been reported to exist in ca. 1:1 equilibrium between Cu(III)-phenolate and Cu(II)-phenoxyl radical species, K pre is estimated to be ≈1, and hence k 2 for the reaction of [Cu(1,2-salcn)] + is calculated to be k 2 ≈ k 2 */2. If the Cu(III) species does not react with benzyl alcohol, the k 2 value for the reaction of [Cu (1,3-salcn) ] + is at least double the value for [Cu(1,2-salcn)] + on the assumption that k 2 * is the same for both systems [23] .
From these results and discussion, the reaction mechanisms for the benzyl alcohol oxidation are summarized as shown in Scheme 1. The reaction mechanisms of the two [Cu(Salcn)] + species are very similar. The rate-determining step of these complexes involves the hydrogen atom abstraction from the α-position of 
Summary
This review focused on characterization of one-electron oxidized Cu(II)-salen-type complexes, [Cu(Salcn)]. The tert-butyl substituted 5-membered chelate complex, [Cu(1,2-salcn)] + , has very unique properties. This complex has a Cu(III)-phenolate ground state, while the CH 2 Cl 2 solution at room temperature exhibits the valence tautomerism between Cu(III)-phenolate and Cu(II)-phenoxyl radical. Introduction of a tert-butyl group into the para-position of the phenolate moiety changed its characteristics to relatively localized phenoxyl radical species. However, the characteristics of the salen-type complexes, such as magnetic properties and redox potentials, depend on the sort of the substituents. Further, despite the same donor group in salentype complexes, the chelate ring size difference gives rise to subtle differences in the electronic structure and oxidation reactivity with benzyl alcohol. One-electron oxidized Cu(1,3-Salcn) exists as a ligand-based radical complex in solution and in the solid state. Both [Cu(1,2-salcn)]
+ and [Cu(1,3-Salcn)] + exhibit a similar reaction mechanism for benzyl alcohol oxidation, but the reaction rate of [Cu(1,3-Salcn)] + is ca. 4 times faster than that of [Cu(1,2-Salcn)] + under the same conditions. The oxidation of benzyl alcohol can be described as a second-order process for the complexes without saturation kinetics, and the rate-determining step for both complexes involves hydrogen abstraction. This agreement indicates that the reactivity difference arises from the hydrogen abstraction mechanism, for which the localized Cu(II)-phenoxyl radical is more favorable. From these results, we suggest that the localized phenoxyl radical and possibly the increased ligand flexibility accelerate benzyl alcohol oxidation. In this connection, we have reported that one of the Schiff base phenolate complexes, a salophen (N,N-bis(salicyliden)-1,2-diaminobenzene) ligand complex, has a different electronic structure, which is assigned to an o-diiminobenzene radical species [43] . The radical complexes may show different reactivities and reaction mechanisms depending on subtle differences in the geometrical and electronic structures and will provide an interesting field of investigation in chemistry and biology. Further studies on the correlation between reactivity and electronic structure described herein are under way.
